Patterning of the marginal zone in the Xenopus embryo has been attributed to interactions between dorsal genes expressed in the organizer and ventral-specific genes. In this antagonistic interplay of activities, BMP-4, a gene that is not expressed in the organizer, provides a strong ventralizing signal. The Xenopus caudal type homeobox gene, Xcad-2, which is expressed around the blastopore with a gap over the dorsal lip, was analyzed as part of the ventral signal. Xcad-2 was shown to efficiently repress during early gastrula stages the dorsal genes gsc, Xnot-2, Otx-2, XFKH1 and Xlim-1, while it positively regulates the ventral genes, Xvent-1 and Xvent-2, with Xpo exhibiting a strong positive response to Xcad-2 overexpression. Xcad-2 was also capable of inducing BMP-4 expression in the organizer region. Support for a ventralizing role for Xcad-2 was obtained from co-injection experiments with the dominant negative BMP receptor which was used to block BMP-4 signaling. Under lack-of-BMP-signaling conditions Xcad-2 could still regulate dorsal and ventral gene expression and restore normal development, suggesting that it can act downstream of BMP-4 signaling or independently of it. Xcad-2 could also inhibit secondary axis formation and dorsalization induced by the dominant negative BMP receptor. Xcad-2 was also shown to efficiently reverse the dorsalizing effects of LiCl. These results place Xcad-2 as part of the ventralizing gene program which acts during early gastrula stages and can execute its ventralizing function in the absence of BMP signaling.
Introduction
During gastrulation, in addition to the establishment of the germ layers, patterning along the anteroposterior and dorsoventral axes takes place (Slack et al., 1992) . The first axis that is clearly distinguishable using molecular markers (gsc, XFKH1, siamois, is the dorsoventral axis and only from mid-gastrulation, as the embryo begins to elongate, is the anteroposterior axis defined by the expression domains of genes such as Hox, eFGF, caudal, gsc, Otx-2, Xnot-2 and others. In the frog embryo, the invagination of cells during gastrulation initiates on the dorsal side of the marginal zone, the dorsal lip of the blastopore, and spreads along the marginal zone to include the ventral mesoderm. The dorsal marginal zone when transplanted can induce the formation of an embryonic axis and has been termed Spemann's organizer (Spemann and Mangold, 1924; De Robertis, 1995; Lemaire and Kodjabachian, 1996) . Based on the inducing activity of the organizer, a model for dorsoventral patterning of the mesoderm was proposed, in which signals originating from the early dorsal lip 'dorsalized' the remainder of the marginal zone, which otherwise has ventral characteristics by default (Slack, 1994) . A number of genes which can dorsalize mesodermal tissue and are expressed in the dorsal lip, such as gsc, chordin, noggin, XFKH1, Xlim-1, Xnot and others, have been isolated and studied (De Robertis, 1995; Lemaire and Kodjabachian, 1996) .
Bone morphogenetic protein 4 (BMP-4), a member of the TGFb family of growth factors, is able to efficiently ventralize the Xenopus embryo (Köster et al., 1991; Dale et al., 1992; Jones et al., 1992) . BMP-4 is expressed on the ventral but not the dorsal side of the blastopore (Fainsod et al., 1994) . Inhibition of BMP signaling using truncated (dominant negative) BMP receptors or antisense RNA injections have further supported the role of BMP-4 as an in vivo ventral signal (Graff et al., 1994; Maeno et al., 1994; Suzuki et al., 1994; Schmidt et al., 1995; Steinbeisser et al., 1995) . BMP-4 has been shown to interact with organizer-specific genes and antagonize their function, thus establishing a network of cross-regulatory interactions between dorsal-and ventral-specific genes (Fainsod et al., 1994; Graff et al., 1994; Suzuki et al., 1994; Schmidt et al., 1995; Steinbeisser et al., 1995) . These interactions have been shown to play an important role in the dorsoventral patterning of the mesoderm and also in the neural differentiation of the ectoderm (Fainsod et al., 1994; Graff et al., 1994; Suzuki et al., 1994; Sasai et al., 1995; Schmidt et al., 1995; Wilson and Hemmati-Brivanlou, 1995) . Some of the genes identified as part of the dorsoventral patterning network in vertebrates have conserved cognate genes in Drosophila and also in this organism they play a role in dorsal-ventral patterning (De Robertis and Sasai, 1996; Ferguson, 1996) .
Genes of the caudal homeobox type are also expressed as gastrulation gets underway and their expression domain localizes along the mesoderm-forming region in the embryo (Joly et al., 1992; Frumkin et al., 1993; Gamer and Wright, 1993; Meyer and Gruss, 1993; Northrop and Kimelman, 1994; Beck et al., 1995; Morales et al., 1996; . Members of the caudal homeobox family have been described in many vertebrates. In chicken, mouse, man and Xenopus, three members of this family have been identified in the genome . The role of the vertebrate caudal genes in anterior-posterior patterning of the embryo was first suggested by analysis of their pattern of expression (Frumkin et al., 1993; Marom et al., 1997; Pillemer et al., 1998) and later supported by mutations (Subramanian et al., 1995; Chawengsaksophak et al., 1997) and experimental manipulation of their expression levels (Pownall et al., 1996; Epstein et al., 1997) . This late anteroposterior patterning role appears to come about via interactions with other homeobox genes such as Otx-2 and the Hox family members .
Based on the early ventrolateral-specific pattern of expression of one of the Xenopus caudal homeobox genes, Xcad-2 Pillemer et al., 1998) , we studied its early function as a ventralizing gene, before it takes up a clearly posterior expression domain and performs a posteriorizing function along the anteroposterior axis. The interactions between Xcad-2 and dorsal-and ventral-specific genes were studied and they revealed that while Xcad-2 can repress the expression of the dorsal genes gsc, Xnot-2, Otx-2, Xlim-1 and XFKH1, it can upregulate the expression of ventrally-expressed genes like Xvent-1, Xvent-2, Xpo and most importantly BMP-4. These results suggest an early role for Xcad-2 as a part of the dorsoventral patterning network. Further support for the ventral role of Xcad-2 was obtained by its ability to rescue LiCl-dorsalized embryos and to rescue embryos from the dorsalizing effects of blocking BMP signaling using the dominant negative BMP receptor. These results place Xcad-2 as an early member of the ventral signaling pathway in the Xenopus embryo with the potential to compensate in part for the loss of BMP-4 activity.
Results

Xcad-2 can activate the expression of ventral genes
The strong and wide expression of all three Xenopus caudal genes in the ventral marginal zone (Northrop and Kimelman, 1994; Pillemer et al., 1998) raised the possibility that these genes play a role in the establishment and patterning of the dorsoventral axis during early gastrulation. To test this suggestion the effect of Xcad-2 on ventral genes was studied ( Fig. 1 and Table 1 ). Xcad-2 mRNA or antisense RNA were injected radially into 4-cell embryos equatorially (1.6 ng/embryo) and the effects on the patterns of expression of Xvent-1, Xvent-2, Xpo and BMP-4 were studied. Overexpression of Xcad-2 results in strong ectopic expression of Xpo throughout the embryo including the organizer and the animal cap regions (Fig. 1B) . Partial loss of function of Xcad-2 induced by antisense RNA injection resulted in the opposite effect, namely a reduction in the level of Xpo expression (Fig. 1C) . Xcad-2 overexpression causes expression of Xvent-1 and Xvent-2 to extend dorsally so that Xvent-1 now exhibits a small gap on the dorsal lip region (Fig. 1E) , and Xvent-2 becomes expressed in the organizer (Fig. 1H) . Injection of Xcad-2 antisense RNA resulted in a slight reduction in the levels of expression of both genes (Fig.  1F,I ). This suggests that these ventral genes are regulated by Xcad-2 during early gastrulation.
BMP-4 is an important factor in the determination of the ventral side of the embryo and it is expressed in most of the gastrula-stage embryo but it is excluded from the organizer region. Injection of Xcad-2 mRNA resulted in the expansion of BMP-4 expression to the organizer region (Fig. 1K) . Reduction in the Xcad-2 levels by injection of antisense RNA resulted in a reduction in BMP-4 transcript levels along the lateral and ventral marginal zone (Fig. 1L) . The decrease in BMP-4 expression along the ventrolateral region in correlation with the reduction in Xcad-2 levels supports the notion that the latter is one of the transcriptional regu-lators of the former. Expansion of BMP-4 expression to the dorsal lip region suggests that Xcad-2 might play a role in the establishment of the early pattern of expression of this member of the TGFb family.
Support as to the relationship between Xcad-2 and BMP-4 was obtained by the comparative analysis of their temporal patterns of expression. The levels of Xcad-2 and BMP-4 transcripts were determined by RT-PCR of RNA samples collected from untreated embryos every half-hour from the midblastula transition (MBT) to mid-gastrulation. The levels of BMP-4 increase slowly from MBT until late stage 8 when transcript levels remain constant until the onset of gastrulation when they begin to increase again (Fig. 2) . During the same time period, Xcad-2 transcript levels increase from stage 8 through mid-gastrulation. A major increase in Xcad-2 levels is observed with the transition into gastrulation. This shows that Xcad-2 levels increase prior to the main increase in BMP-4 levels (Dale et al., 1992; Jones et al., 1992; Nishimatsu et al., 1992; Fainsod et al., 1994) . This temporal pattern of expression is consistent with the idea that Xcad-2 might be an early regulator of BMP-4.
Xcad-2 can repress the expression of organizer genes
As a result of Xcad-2 overexpression, the ventral genes studied extended dorsally along the marginal zone and in the case of Xpo, BMP-4 and Xvent-2 their new expression domains also included the dorsal lip of the blastopore (Fig. 1) . This dorsal lip expression could be the result of activation by Xcad-2 or the result of repression of dorsalspecific genes which normally repress lateroventral genes. To test the second possibility we studied the effects of Xcad-2 on a number of transcription factors expressed in the organizer during early gastrulation. The genes analyzed were: gsc , Xnot-2 (Gont et al., 1993) , Otx-2 (Blitz and Cho, 1995; Pannese et al., 1995) , Xlim-1 (Taira et al., 1992) and XFKH1 (Dirksen and Jamrich, 1992) . Overexpression of Xcad-2 by injection of capped RNA (0.4 ng/injection) in the equatorial region of all four blastomeres of 4-cell embryos resulted in strong repression of the dorsal-specific gene expression ( Fig. 3 and Table 1 ). In all cases, Xcad-2 caused a marked decrease in transcript levels concomitant with a reduction in the domain of expression, in extreme cases expression of the marker genes was abolished (Fig. 3B ,E,H,K,N). This shows that Xcad-2, like other ventral genes, can negatively regulate the expression of organizer-specific genes. Further support for this suggestion was obtained by inducing a partial loss of Xcad-2 activity by injecting antisense RNA (1.6 ng/ embryo). This experiment showed that the expression domain of organizer-specific genes was expanded along the marginal zone ( Fig. 3C ,F,I,L,O). Expression of the dorsal-specific genes tested expanded to more lateral regions but no additional ectopic sites were observed. The repression of organizer-specific genes by Xcad-2 raises the possibility that some of the dorsal expansion of ventral gene expression is due to repression of dorsal-specific genes which in turn have been shown to function also as inhibitors of ventral gene expression (Fainsod et al., 1994; .
Regulation of Xcad-2
To better understand the role of Xcad-2 in the dorsoventral patterning of the marginal zone the effect of dorsal-or ventral-specific genes on Xcad-2 expression was studied. The dorsal gene Xnot-2 is expressed in a similar temporal pattern to that of Xcad-2 and its dorsal expression narrows as the Xcad-2 expression expands dorsally into that region (Gont et al., 1993; Pillemer et al., 1998) . Xenopus embryos at the 4-cell stage were injected equatorially in two nonadjacent blastomeres with Xnot-2 mRNA (0.4 ng/injection), and were scored for the number of gaps in the ring of Xcad-2 expression. Diagonal injection of Xnot-2 mRNA resulted in embryos with Xcad-2 rings of expression with three gaps (Fig. 4B ), one the normal gap over the dorsal lip and the two others a result of repression caused by Xnot-2. This result, together with the previously-published result that Otx-2 also represses Xcad-2 expression during gastrulation suggests that the dorsal gap in Xcad-2 is the result at least in part of repression by organizer genes.
Next the effect of the ventralizing gene, BMP-4 on Xcad-2 expression was studied. Overexpression of BMP-4 injected into embryos at the 4-cell stage (1.6 ng/embryo) resulted in a slightly wider ring of Xcad-2 expression ( Fig.   4D ) with more diffuse edges. Although the ring of Xcad-2 expression remains asymmetric, so that ventral expression is wider than dorsal, the ring is wider and expression along the dorsal lip increased, almost closing the gap of expression seen in normal embryos (Fig. 4C) . Injection of antisense BMP-4 RNA caused a narrower ring of Xcad-2 expression with sharper edges (Fig. 4E ) and a widening along the dorsal lip region of the Xcad-2 gap of expression. The interactions observed between BMP-4 and Xcad-2 suggest that the former plays a role in the modulation of the Xcad-2 spatial pattern of expression.
Xcad-2 can regulate dorsoventral gene expression in the absence of BMP signaling
Both Xcad-2 and BMP-4 can repress organizer-specific genes and activate ventral-specific genes in agreement with a ventralizing function. Therefore, it was important to determine whether or not all these functions attributed to Xcad-2 are mediated through BMP-4. To test the dependency of Xcad-2 on BMP-4, the truncated (dominant negative) BMP receptor (tBR) which blocks BMP signaling was utilized (Graff et al., 1994) and three marker genes were analyzed: gsc, Xpo and Xvent-1. Injection of tBR in all four blastomeres of a 4-cell embryo (1.6 ng/embryo) resulted in the expansion of the gsc expression (Fig. 5C ), the opposite effect to that observed by Xcad-2 injection ( Fig. 5B ; 1.6 ng/ embryo). Co-injection of Xcad-2 mRNA in the presence of tBR to block BMP signaling resulted in the repression of gsc along the dorsal lip (Fig. 5D ). This result shows that the repression of gsc by Xcad-2 can take place in the absence of BMP-4 or other BMP signaling.
The ventral gene Xpo was analyzed, as it exhibits a strong response to Xcad-2 (Fig. 5F ). Injection of Xcad-2 mRNA together with tBR-capped RNA resulted in strong upregulation of Xpo (Fig. 5H) while injection of the dominant negative BMP receptor by itself had little effect on the Xpo pattern of expression (Fig. 5G) suggesting that the effect of Xcad-2 on Xpo is also independent of BMP signaling. A similar set of experiments were performed for Xvent-1, where injection of the dominant negative BMP receptor resulted in the inhibition of Xvent-1 expression (Fig. 5K ) which couldn't be rescued by Xcad-2 overexpression (Fig.  5L) , supporting the notion that Xvent-1 is a target of BMP-4 and indirectly of Xcad-2.
Xcad-2 as a ventral signal
Our analysis of Xcad-2 interactions with dorsal and ventral genes showed that while it can efficiently repress the former, it activates the latter, and defines it as a ventralizing signal which can in some instances function in parallel to BMP-4. To further test this possibility, Xcad-2 was tested for its ability to rescue normal axis development under conditions where BMP-4 and other genes associated to its signaling pathway have previously been shown to be active.
BMP-4 has been shown to be able to rescue axis development in embryos dorsalized by LiCl treatment, by providing a ventral signal (Fainsod et al., 1994) . Xcad-2 was tested under similar conditions by performing a single injection into 4-cell embryos (400 pg RNA) which were subsequently treated with LiCl to induce a dorsoanterior index (DAI; Kao Fainsod et al., 1994) . This protocol resulted in efficient rescue, i.e. 76% (n = 29) of the embryos injected with Xcad-2 and treated with LiCl appeared normal with a DAI of 5.29 (Fig. 6D ) in contrast to 12% (n = 25) normal embryos in the control group only treated with LiCl (Fig. 6B) . Injection of LacZ RNA as a negative control didn't rescue the dorsalized embryos (DAI = 7.53, n = 30; Fig. 6C) . Rescue of the LiCldorsalized Xenopus embryos further supports the idea that Xcad-2 can provide a ventral signal during early gastrulation.
The rescue of the LiCl-dorsalized embryos suggests that overexpression of Xcad-2 mRNA represses organizer-specific genes such as gsc and activates ventral genes like Xpo under these conditions. Embryos dorsalized by LiCl and injected diagonally with Xcad-2-capped RNA and LacZ RNA as a lineage tracer were subjected to in situ hybridization analysis with the gsc and Xpo probes. LiCl dorsalization expands the expression of dorsal genes like gsc (blue) throughout the blastopore (Fig. 7A) , and diagonal injection of Xcad-2 causes the formation of gaps in the gsc expression at the sites of injection as marked by the LacZ activity (red; Fig. 7B ). Dorsalization by LiCl abolishes the expression of ventral genes like Xpo (Fig. 7C ), but overexpression of Xcad-2 activates Xpo transcription in treated embryos at the site of injection (Fig. 7D) . These results support the suggestion that the Xcad-2-rescuing activity is achieved partly by suppressing the expression of dorsal determinants and activating ventral genes during gastrulation.
The extent of functional overlap between Xcad-2 and BMP-4 was further tested by blocking BMP signaling in the embryo by ventral co-injection of the dominant negative BMP receptor and Xcad-2 mRNA (Graff et al., 1994; Suzuki et al., 1994) , and scored for the appearance of secondary axes. In the tBR-injected group 80% (n = 45) of the embryos had secondary axes, 24 strong and 12 weak (Fig.  8C) . Co-injection of Xcad-2 mRNA with the tBR RNA resulted in the suppression of secondary axis formation where only 22% (n = 36) of the embryos exhibited weak secondary axes (Fig. 8D ). In the control uninjected or the LacZ-injected group no embryos were observed with secondary axes (Fig. 8A) . Ventral injection of Xcad-2 resulted in 89% (n = 48) weakly-ventralized embryos (Fig. 8B) , while dorsal Xcad-2 injection gave rise to 77% (n = 49) ventralized embryos (not shown).
In a second series of experiments the injection of tBR was more extensive, in order to achieve a dorsalized phenotype (Fig. 8G ) in 73% (n = 98) of the embryos. Co-injection of Xcad-2 with the tBR RNA resulted in the development of almost normal-looking embryos (Fig. 8H ) in 74% (n = 96) of the sample. Injection of Xcad-2 by itself resulted in embryos exhibiting the described phenotype (loss of head structures; Epstein et al., 1997) in 81% (n = 101) of the embryos. These results provide evidence that Xcad-2 can compensate in part for the loss of BMP signaling in the Xenopus embryo.
Discussion
Expression of the Xenopus caudal genes can be detected during early gastrulation as a circumblastoporal ring in the marginal zone (Northrop and Kimelman, 1994; Pillemer et al., 1998) . The Xenopus caudal genes exhibit similar patterns of expression during early to mid-gastrulation but they differ along the dorsoventral axis: while Xcad-1 always exhibits expression in the dorsal lip region, Xcad-2 always exhibits a gap in this region and Xcad-3 appears to be more complicated, as a gap can be observed in some instances (Northrop and Kimelman, 1994; Pillemer et al., 1998) . These expression patterns suggests that in Xenopus this early caudal expression comes under the regulation of the dorsoventral patterning system. Of the three caudal genes in Xenopus the Xcad-2 gene is the one that most clearly exhibits a dorsoventrally-regulated pattern of expression, suggesting a role as part of the dorsoventral patterning network.
Xcad-2 as part of the dorsoventral patterning gene network
The ventrolateral pattern of Xcad-2 expression during early gastrulation is reminiscent of the pattern of expression of BMP-4 along the marginal zone (Fainsod et al., 1994; Schmidt et al., 1995) and raised the possibility that it might play a role as a ventral gene. BMP-4, one of the potent ventral signals, has been shown at the molecular level to establish regulatory interactions with dorsal-and ventralspecific genes during gastrulation (Fainsod et al., 1994; Re'em-Kalma et al., 1995; Schmidt et al., 1995; Dosch et al., 1997) . To elucidate the role of Xcad-2 as a ventral gene, its regulatory interactions with dorsal and ventral genes were tested. Xcad-2 represses the expression of the dorsalspecific transcription factors gsc, Xnot-2, Otx-2, Xlim-1 and XFKH1, all of which are expressed in the organizer during early gastrulation Dirksen and Jamrich, 1992; Taira et al., 1992; Gont et al., 1993; Blitz and Cho, 1995; Pannese et al., 1995) . The opposite interaction was also tested, namely the effect of organizer genes on Xcad-2 expression. The effect of Xnot-2 on Xcad-2 was tested, while the effect of Otx-2 on the same gene has been described . In both instances, the dorsal genes repressed Xcad-2 expression. Together these results suggest that Xcad-2 establishes a series of cross-regulatory interactions with genes expressed in the organizer and a result of these interactions might be the creation of the dorsal gap in Xcad-2 expression and the lateral restriction of dorsal gene expression. Similar results have been described for BMP-4 where regulatory interactions with dorsal-specific genes like gsc and noggin have also been described (Fainsod et al., 1994; Graff et al., 1994; Re'emKalma et al., 1995; Jones et al., 1996; Dosch et al., 1997) .
Interactions of Xcad-2 and ventral genes were tested using the Xvent-1, Xvent-2/Vox, Xpo and BMP-4 genes.
Xvent-1 and Xvent-2/Vox are homeobox genes which have been shown to be under regulation of BMP-4 (Gawantka et al., 1995; Onichtchouk et al., 1996; Schmidt et al., 1996; Dosch et al., 1997) . Xcad-2 overexpression results in expansion of the Xvent-1 and Xvent-2/Vox expression domains in a dorsal direction. This interaction is probably indirect, as overexpression of Xcad-2 is unable to activate Xvent-1 expression in the absence of BMP signaling, suggesting that the effect of Xcad-2 on the Xvent genes is probably mediated through BMP-4.
Xpo exhibited one of the strongest responses to Xcad-2 gain and loss of function. The temporal pattern of expression of Xpo is in agreement with the suggestion that it is activated in part by Xcad-2 as the increase in Xpo transcript levels follows the increase of Xcad-2 in time (Sato and Sargent, 1991) . Also, Xpo has been shown to require FGF signaling for expression (Sato and Sargent, 1991; Amaya et al., 1993) , and also FGF has been shown to be required for caudal expression in the lateral and dorsal marginal zone while ventral expression is resistant to loss of FGF signaling (Northrop and Kimelman, 1994; Northrop et al., 1995; Pownall et al., 1996) . Therefore, the response of Xpo to FGF could be mediated through the caudal genes. The effect of Xcad-2 on Xpo expression persists even in the absence of BMP signaling suggesting a more direct interaction between these two genes, and that this interaction is not dependent on BMP-4. This observation is supported by injection of BMP-4 or one of its targets, Xvent-1, which have little or no effect on Xpo expression (Gawantka et al., 1995; Schmidt et al., 1995) . It remains to be shown at what level the interaction of Xcad-2 and Xpo takes place in the embryo.
The relationship between Xcad-2 and BMP-4
One of the most interesting interactions identified in the present work is that taking place between BMP-4 and Xcad-2. Over the last years BMP-4 has emerged as one of the important signals in the embryo playing central roles during gastrulation and neurulation (Harland, 1994; Hogan, 1996; Graff, 1997; Hemmati-Brivanlou and Melton, 1997; Sasai and De Robertis, 1997) . Evidence for the roles of BMP-4 has accumulated from a number of higher vertebrates. The role of BMP-4 as a ventral signal has been well documented either using BMP-4 itself (Dale et al., 1992; Jones et al., 1992; Jones et al., 1996; Fainsod et al., 1994; Sasai et al., 1995; Schmidt et al., 1995; Steinbeisser et al., 1995; Wilson and Hemmati-Brivanlou, 1995; Dosch et al., 1997) or by blocking signaling of this factor through the BMP receptor (Graff et al., 1994; Maeno et al., 1994; Suzuki et al., 1994) . BMP-4 has even been suggested to function as a morphogen in the dorsoventral patterning of the marginal zone (Dosch et al., 1997) . Loss of BMP-4 function in the mouse embryo leads to death during gastrulation or neurulation (Winnier et al., 1995) . Regulation of BMP-4 expression is poorly understood even though the promoter region has been isolated and some putative binding sequences for known transcription factors have been identified (Kurihara et al., 1993; Feng et al., 1995) .
Expression of BMP-4 in the dorsal lip of the blastopore as a result of Xcad-2 overexpression could be the result of removal of negative regulatory factors as Xcad-2 can efficiently repress the expression of many organizer specific genes some of which in turn have been shown to repress BMP-4 expression (Fainsod et al., 1994; Graff et al., 1994; Re'em-Kalma et al., 1995; Jones et al., 1996; Dosch et al., 1997) . On the other hand, the observation that Xcad-2 overexpression can result in the upregulation of BMP-4 in the organizer raises the possibility that this homeobox gene might be part of the BMP-4 regulatory network and not only through the removal of a dorsal repressor (Fig. 9I) . Further support for this suggestion comes from the analysis of the temporal pattern of expression of both genes which is consistent with this suggestion, as Xcad-2 expression strongly increases prior to gastrulation before the main increase in BMP-4 expression. Secondly, injection of Xcad-2 antisense RNA which results in a partial loss-of-function , results in the downregulation of BMP-4 expression in the lateral and ventral marginal zone. This result thus places early Xcad-2 expression during gastrulation as a requirement for BMP-4 expression.
The converse relationship was also tested, namely the effect of BMP-4 on Xcad-2 expression and it was observed that although changes in the level of BMP-4 results in changes in Xcad-2 expression, these changes are subtle and restricted to the marginal zone region. This might be a maintenance role, as BMP-4 has been shown to be capable to restore Xcad-3 expression along the lateral marginal zone in embryos where FGF signaling has been blocked (Northrop and Kimelman, 1994) . Thus, it appears that Xcad-2 plays a role as one of the activators of BMP-4 expression during early gastrulation, while BMP-4 subsequently plays a maintenance role in caudal expression.
Xcad-2 can provide a ventral signal in the embryo
The effects of Xcad-2 on organizer-specific genes as well as on ventral genes raised the possibility that it functions as part of the ventral signaling network during early gastrulation. As mentioned earlier, numerous studies have placed BMP-4 as one of the important ventral signals. Injections of Xcad-2 sense and antisense RNA suggested that this gene could be placed as one of the regulators of BMP-4 expression. Using the dominant negative BMP receptor to block BMP signaling the question of the dependence of Xcad-2 on BMP-4 was addressed. It was found that some of the regulatory interactions identified depend on a functional BMP-4 signaling pathway (Xvent-1) again placing Xcad-2 upstream of BMP-4. On the other hand, Xcad-2 regulatory interactions were identified which do not rely on a functional BMP signaling pathway (gsc and Xpo). These observations suggested that even though Xcad-2 may play a role in the upregulation of BMP-4 during gastrulation, a parallel pathway may be active in which Xcad-2 can regulate gene expression in a BMP-4 independent manner. Regulation of ventral and dorsal genes in a BMP-4-independent manner could place Xcad-2 downstream of BMP-4, even though some of the results, like the regulatory interactions between these two genes and the regulation of Xvent-1 are not in agreement with this conclusion (Fig. 9, model II) . In summary, these results raised the possibility that Xcad-2 may provide a ventralizing signal in a second pathway independent of BMP-4 (Fig. 9, model I) .
The possibility that a second ventral signaling pathway might be present during early gastrula stages was further studied using Xcad-2 to rescue the effects induced by loss of BMP signaling. Radial injection of the dominant negative BMP receptor results in dorsalization of the Xenopus embryos, while ventral injection of the same RNA gives rise to embryos with partial duplicated axes. In both cases co-injection of Xcad-2 was capable of efficiently rescuing the embryos, either preventing the formation of the secondary axes or restoring normal axial development. These observations suggest that Xcad-2 can compensate for the loss of BMP signaling by providing a ventral signal in the absence of BMP-4 activity. These results further support the suggestion of a ventral role for Xcad-2 in the patterning of the marginal zone.
A number of treatments have been shown to affect dorsoventral development of the Xenopus embryo, among them the treatment of early embryos (32-64 cells) with LiCl, which induces the dorsalization of the mesodermal mantle (Kao and Elinson, 1988) . During gastrulation, LiCl-treated embryos exhibit expression of organizer-specific genes throughout the marginal zone and repression of ventrolateral gene expression. This treatment has been used to test genes as part of the ventral signal (BMP-4 and PV1) or genes as regulators of this signaling pathway (follistatin). In all cases the genes were shown to be involved as part of the ventral signaling pathway due to their ability to restore normal axial development to LiCl-dorsalized embryos (Fainsod et al., 1994 Ault et al., 1996) . Using this assay, Xcad-2 was capable of restoring normal development to LiCl-dorsalized embryos, suggesting that it can activate ventral signaling pathway(s). To determine whether the ability of Xcad-2 to restore normal development begins during early/mid gastrulation and could be explained by repression of dorsal-specific genes, the expression of gsc was assayed in Xcad-2-injected, LiCl-treated embryos and was found to be repressed during gastrulation. Conversely, the ventral gene Xpo was activated during early gastrulation in LiCl-dorsalized embryos suggesting that Xcad-2 plays an active role as part of the ventral signal.
Xcad-2 activity and the temporal hierarchy of D/V and A/P patterning
The activities shown for Xcad-2 during early gastrulation are indistinguishable from those described in the mesoderm for BMP-4 and the downstream homeobox genes Xvent-1, Xvent-2/Vox and PV1 (Gawantka et al., 1995; Ault et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996) . Based on these observations, Xcad-2 could be classified as a ventral gene. On the other hand, recent work has shown that the Xenopus organizer, even before involution of the dorsal lip, exhibits patterning functions along the anterior-posterior axis (Zoltewicz and Gerhart, 1997) . At this early stage, anterior-dorsal genes are still expressed in the organizer, suggesting an overlap between the anteroposterior and dorsoventral axes. The results presented for Xcad-2 would suggest that the rest of the marginal zone would show posterior-ventral characteristics, as later during gastrulation Xcad-2 has been shown to play a posterior role in the specification of the anteroposterior axis . Using the Xcad-2 pattern of expression as a temporal reference it appears that the posterior function takes place from mid-gastrulation onwards into neurulation while this gene is expressed as a closed ring around the blastopore. During early to mid-gastrulation when there is a gap in the Xcad-2 expression over the dorsal lip region, the ventral function should take place. It has been shown that overexpression of Xcad-2 leads to Otx-2 repression during neurulation , but the loss of anterior head structures could be the result of interactions already taking place while Otx-2 is expressed as a dorsal gene (this work). All dorsal genes studied were repressed by Xcad-2 during early/mid gastrulation while they were expressed in the organizer, regardless of whether later in development they will be expressed in anterior or posterior regions of the embryo. An interesting example is Xnot-2 which during neurulation is expressed in posterior regions of the embryo (Gont et al., 1993) in a region overlapping the posterior domain of Xcad-2 expression (Pillemer et al., 1998) . This observation supports the suggestion that repression of Xnot-2 expression during gastrulation by Xcad-2 is a ventral and not a posterior function. The presence of genes like Xcad-2 could then be responsible for the difficulty in interpreting some of the treatments that affect axial specification, due to their effects along more than one axis. This dual function of the Xcad-2 gene points to the importance of a temporal hierarchy in addition to the spatially-restricted gene expression in order to establish the dorsoventral as well as the anteroposterior axes in the embryo. Finally, the results presented for Xcad-2, provide evidence for signals capable of determining the ventral side of the Xenopus embryo in some instances in the absence of BMP-4 signaling the known ventral signal.
Experimental procedures
Preparation of embryos
Xenopus laevis frogs were purchased from Xenopus I (USA). Fertilizations and injection of embryos were performed as previously described (Fainsod et al., 1994) . Embryos were staged according to Nieuwkoop and Faber (1975) .
Preparation of capped RNA for injection and RNA probes
Capped RNA for injection was prepared using the CAP Scribe (Boehringer) or RiboMax (Promega) kits as described (Fainsod et al., 1994; Steinbeisser et al., 1995) . The cap analog:GTP ratio used was 5:1. Injections were performed at the 4-cell stage by injecting about 4 nl in each blastomere in the equatorial region. The full-length Xcad-2 cDNA clone C11 was subcloned into to the pSP64T vector (Krieg and Melton, 1984) in both orientations in order to prepare capped sense (pSP64Xcad-2) and antisense (pSP64Xcad-2as) RNA. To prepare RNA from both Xcad-2 plasmids they were digested with XbaI and SP6 RNA polymerase was used for transcription.
Digoxigenin-labeled RNA probes were transcribed using the RiboMax kit (Promega) utilizing the digoxigenin RNAlabeling mix (Boehringer). RNA probes were cleaned using the RNA Easy kit (Qiagen). The probes used were: Xcad-2 -clone #73 ; Otx-2-plasmid pXOT 30.1 (Lamb et al., 1993) ; gsc-plasmid pgsc ; Xnot-2-clone E13 (Gont et al., 1993) ; XFKH1-cDNA clone (Dirksen and Jamrich, 1992) ; Xlim-1-plasmid pXH32 (Taira et al., 1992) ; Xpo-plasmid XpoHK (Sato and Sargent, 1991) ; Xvent-1-pBSXvent1 (Gawantka et al., 1995) ; Xvent-2/Vox-plasmids pBSXvent2 or Vox-15 (Onichtchouk et al., 1996; Schmidt et al., 1996) and BMP-4-clone B12 (Fainsod et al., 1994) .
Manipulation of embryonic axes
To achieve a partial or full LiCl treatment, embryos at the 32-64 cell stage were incubated for 25 or 40 min, respectively, in a solution of 120 mM LiCl in 0.1× Barth's solution. After the treatment, the embryos were washed twice and then incubated in 0.1× Barth's (Fainsod et al., 1994) .
Whole-mount in situ hybridization
Whole-mount in situ hybridizations were performed with digoxigenin-labeled probes as previously described .
RT-PCR analysis
RNA from embryos was prepared by the phenol/guanidinium thiocyanate method using the TriPure reagent (Boehringer). RT-PCR was performed as described by Fainsod et al. (1994) . The primers used were; BMP-4, 5′ GCATG-TAAGGATAAGTCGATC and 5′ GATCTCAGACTCA-ACGGCAC resulting in a 478-bp fragment after 23 cycles; Xcad-2, 5′ ATAACAATCCGCAGGAAG and 5′ TTGAT-GATGGAGATACCAAG resulting in a 228-bp fragment after 29 cycles; histone H4, 5′ CGGGATAACATT-CAGGGTATCACT and 5′ ATCCATGGCGGTAACTG-TCTTCTT resulting in a 188-bp product after 19 cycles. Quantitation was performed on a Phosphoimager (Fuji) and the results were normalized according to the level of histone H4.
